The x-ray standing wave method ͑XSW͒ and high-resolution x-ray diffraction were used to study the structural perfection and polarity of GaN epitaxial thin film grown by hydride vapor phase epitaxy on the Si-face SiC substrate. The x-ray standing wave was generated inside the 300 nm thin film under the condition of Bragg diffraction from the film. Excellent crystalline quality of the GaN film was revealed by both x-ray techniques. The XSW analysis of the angular dependencies of the Ga-K fluorescence yield measured while scanning through the GaN͑0002͒ diffraction peak unambiguously showed the Ga polarity of the film. Correlation between the mosaic structure and the static Debye-Waller factor of the GaN lattice was also studied.
I. INTRODUCTION
The structural quality of GaN epitaxial films continues to limit applications of this technologically important wide direct band-gap semiconductor. 1 A variety of substrates such as GaAs, sapphire, ZnO, SiC, Si, LiGaO, AlMgO have been used for epitaxial growth of group III nitrides. Most of these substrates have a very large lattice mismatch with GaN leading to a high density of structural defects in the film. Among these substrates SiC is characterized by a small lattice mismatch of 3.5% vs 13.8% for sapphire, the most commonly used substrate. The growth of high-quality GaN films on SiC substrates by metalorganic chemical vapor deposition ͑MOCVD͒ and molecular beam epitaxy ͑MBE͒ usually requires an AlN buffer layer. 2, 3 Recently, direct growth of high-quality GaN on SiC substrates by hydrate vapor phase epitaxy ͑HVPE͒ was reported. 4, 5 The polarity of the epitaxial film is the other fundamental issue that strongly depends on the growth technique and type of substrate. Having its origin in the noncentrosymmetric bulk crystal structure, the polarity of the GaN film determines many of the physical, chemical, and surface properties such as chemical stability, 6 piezoelectric effect, 7 surface morphology, and surface reconstructions. 8 It is well known that wurtzite GaN epitaxial films are usually grown either along the ͓0001͔ or ͓0001͔ crystallographic axes. These opposing polarities differ by the sequence of atomic layering. By convention, in the ͑0001͒ oriented GaN film the Ga atoms occupy the top ͑with respect to the surface of the film͒ half of the atomic double layer. A ͑0001͒ film is also referred to as a Ga face, or Ga-polarity film ͓Fig. 1͑a͔͒. In the lattice of the N-face GaN film the Ga atoms occupy the bottom half of the double layer ͓Fig. 1͑b͔͒. Reliable determination of the polarity of GaN films grown by different techniques presents a challenging experimental problem. Experimental results obtained by different techniques are very often contradictive and inconclusive. A recent comprehensive review of different techniques used to determine polarity of GaN films can be found in Ref. 9 .
The hexagonal, 6H, modification of SiC has a structure very similar to that of GaN. 10 The ͑0001͒ surface is polar with either Si or C termination. The polarity of the growing GaN film depends on the polarity of the substrate and opposite for Si and C surfaces. An x-ray photoelectron spectroscopy study of GaN films grown by metalorganic vapor phase epitaxy ͑MOVPE͒ on both faces showed that GaN epitaxial films on Si and C faces of SiC are terminated by nitrogen and gallium atomic layers, respectively. 11 A high-resolution electron microscopy study of the AlN/SiC interface gave the opposite result, i.e., the Al-face AlN was found on the Si face of the SiC. 12 The latter result is in agreement with ab initio energetics calculations. 13 It is generally accepted that a direct method to determine polarity is needed to establish the basic characteristics of polar surfaces of GaN thin films. 9 The x-ray standing wave ͑XSW͒ method based on using the standing wave as an a͒ Author to whom correspondence should be addressed; electronic mail: ayk7@cornell.edu; present address: Cornell High Energy Synchrotron Source, Cornell University, Ithaca, NY 14853. atomic scale ''yardstick'' to probe the atomic structure of the lattice can be regarded as one of the most ''direct'' techniques to determine polarity. Kazimirov et al. 14 applied this method to study a thin GaN film grown by plasma-induced MBE on sapphire and found the polarity to be opposite to one of the MOCVD grown films. This finding has led to the study of the polarization induced properties of 2D electron gas in AlGaN/GaN heterostructures. 7 Recently, this technique was also used to study polarity of thin ferroelectric films. 15 In this work we combined the XSW method with high-resolution x-ray diffraction to study the crystalline perfection and the polarity of the GaN epitaxial film grown by the hydride vapor phase epitaxy on Si-face SiC.
II. EXPERIMENTS
The GaN epitaxial layer was grown by HVPE. 4 The HVPE process was performed in an inhouse built growth chamber equipped with a resistively heated furnace. In a horizontal open-flow reactor, HCl gas reacted with liquid Ga to form GaCl gas, which was transported to the growth zone of the reactor and reacted with NH 3 , resulting in GaN deposition on SiC substrate. Ar was used as a carrier gas. The GaN layer was grown directly without any buffer layer 5 on the ͑0001͒Si face of commercial 6H-SiC on-axis 2-in.-diameter wafer. The thickness of the GaN layer was about 300 nm. The growth temperature was near 1020°C. The GaN growth rate was about 300 nm/min. X-ray diffraction was performed by using an X'Pert diffractometer ͑Philips͒ in triple-and double-axis geometries with Cu K␣ radiation. A four-crystal Bartels Ge͑220͒ monochromator and a three-bounce Ge͑220͒ analyzer crystal were used for high-resolution measurements. The analyzer crystal significantly reduced the contribution of diffuse scattering and the background, thus allowing the measurement of essentially the coherent part of the scattered x-ray intensity. The x-ray diffraction curves measured with wide-opened detector and without analyzer crystal will be referred to here as x-ray rocking curves ͑RC͒.
The XSW measurements were performed at the beamline X15A of the National Synchrotron Light Source. The energy of the incident beam was tuned to 11.0 keV by a double crystal Si͑111͒ monochromator. The incident beam slit was narrowed to 1 mm horizontally and 0.05 mm vertically. The sample was mounted on a two-circle diffractometer. An energy dispersive solid-state detector was used to collect x-ray fluorescence spectra from the sample. Simultaneously, the intensity of the diffracted x-ray beam was measured with NaI scintillation detector. The Ga-K fluorescence yield from the film was measured as a function of the incident angle while scanning through the GaN͑0002͒ Bragg reflection. The XSW data were collected from five different spots on the sample characterized by different degrees of mosaic spread.
III. RESULTS AND DISCUSSION
The x-ray diffraction measurements revealed very high crystalline quality of the film. The coherent GaN͑0002͒ and ͑0004͒ -2 x-ray diffraction curves ͑where the angle refers to the sample and the angle to the analyzer͒ measured with a Ge͑220͒ three-bounce analyzer crystal show the characteristic interference pattern ͑Fig. 2͒. The interference fringes are more pronounced for the ͑0002͒ reflections but are clearly observed also in the vicinity of the ͑0004͒ Bragg peak. Determination of the thickness of the film from the width of the ͑0002͒ peak and from the period of the oscillations gave the value of 300 nm in good agreement with what was expected from the growth rate. From the angular width of the interference pattern for the ͑0002͒ reflection the thickness variations due to the roughness of the film can be estimated as 30 nm. The c-lattice constant was determined to be 5.177 Å. This is lower than the value of 5.1854 Å reported in Ref. 16 for GaN grown on SiC.
The coherent ͑0002͒ curve measured by scanning the sample through the diffraction peak while keeping the analyzer crystal fixed at the position of the maximum intensity has a shape typical for a layer containing large mosaic blocks ͓see Fig. 2͑a͔͒ . Our analysis gives an average size of the blocks as 1 m. This mosaic spread is the main reason for the broadening of the double-crystal rocking curves. The estimations of the density of dislocations from the curves give the value of 2 -4ϫ10 7 cm Ϫ2 for the threading dislocations density and one order of magnitude more for the density of edge dislocations with the Burgers vectors in the ͑0001͒ plane. These are unusually low values considering the lattice mismatch and the thickness of the film. These results are in good agreement with our TEM analysis showing low dislocation density and large areas nearly free of defects.
The interesting feature derived from diffraction measurements is that the coherent lengths for the ͑0002͒ and the ͑0004͒ reflections are very close to each other ͑295 and 255 nm͒ and to the thickness of the film. This is characteristic for the epitaxial layers with low defect density and indicates the absence of elastic strain due to deviations of the lattice constant from its average value.
A typical experimental XSW data set is shown in Fig.  3͑a͒ . The characteristic minimum and maximum of the Ga K fluorescence yield are observed at the low and high angle side of the rocking curve due to the movement of the XSW pattern while scanning the sample through the GaN ͑0002͒ diffraction peak.
Neglecting the extinction effect the fluorescence yield from the jth sublattice of the compound crystal can be written as are the thermal and static Debye-Waller factors; and ͑͒ is the phase of the complex E-field amplitude ratio E H /E 0 . Thus both the modulus and the phase of the structure factor of the individual sublattice can be measured in the XSW experiment making the method phase sensitive. Since the phase of the Ga sublattice is different for the Ga-and N-polar GaN crystals the polarity can be directly determined by analyzing the Ga-K fluorescence yield curve.
For over two decades the XSW technique was applied to the study of surface structures of nearly perfect crystals. 18 Recently, this method has been extended to compound thin films with the thicknesses less than the extinction length, i.e., when the x-ray diffraction becomes kinematical. 14, 15, 19, 20 The standing wave in thin film is generated via the interference between the strong incident wave and the weak kinematically diffracted wave from the film resulting in much weaker XSW modulations in comparison with perfect bulk crystals. One distinct advantage of the thin film XSW method is the broadening of the rocking curve that makes it possible to study a variety of crystalline materials that cannot be grown as bulk perfect crystals. The absence of the extinction effect makes it possible to account for the broadening of the rocking curve due to mosaic structure by performing a convolution with a Gaussian function. 19 The imperfection of the crystal lattice generating the x-ray standing wave is characterized by a static DebyeWaller ͑DW͒ factor e ϪW H j . This factor tells us which fraction of the crystal lattice is scattering coherently; the remainder (1Ϫe ϪW H j ) of the lattice is contributing to the diffuse scattered intensity. This assumes that the crystal lattice is still perfect but its scattering power is reduced by the factor of e ϪW H j . The static DW factor equals unity for a perfect crystal and zero for an amorphous material. The x-ray standing wave is generated by the coherent part of the crystal lattice.
The basic features of the ͑0002͒ XSW behavior in a wurtzite GaN lattice are shown in Fig. 1 . The x-ray standing wave is generated inside the film via the interference between the incident and the ͑0002͒ Bragg diffracted x-ray beams. It has the periodicity of the GaN diffraction planes (d 0002 ) and the planes of the maximum and minimum of the electric field intensity are parallel to the atomic planes. Scanning the crystal through the Bragg peak causes a change of the phase of the diffracted beam by radians and, consequently, an inward shift of the standing wave by (1/2)d 0002 . At the low-angle side of the diffraction peak the planes of maximum intensity, i.e., the antinodes, are located between the double atomic layers ͑solid lines in Fig. 1͒ while after crossing the Bragg peak they are positioned inside the double layer ͑dashed lines͒ at the diffraction planes. Therefore, the XSW antinodes pass through the Ga-atomic layer for Gapolar film ͓Fig. 1͑a͔͒, but not for the N-polar film ͓Fig. 1͑b͔͒.
FIG. 2. Experimental ͑0002͒
and ͑0004͒ x-ray -2 diffraction curves measured from the 300 nm thick GaN film on SiC substrate by using the highresolution x-ray diffractometer in triple-axis geometry. A Ge͑220͒ threebounce analyzer crystal was used to measure primarily the coherent component of the scattered x-ray intensity by significantly reducing the contribution of the diffuse scattered intensity. Inset ͑a͒ shows the coherent ͑0002͒ curve measured at a fixed 2 for the analyzer crystal. The interference fringes are clearly seen in both ͑0002͒ and ͑0004͒ curves indicating the excellent crystalline quality of the film.
Due to the difference in the atomic scattering factors for Ga and N atoms the diffraction planes inside the double layer are positioned more closely to the Ga atomic layer ͑for the details of the calculation of the exact location of the diffraction plane see Ref. 21͒. Thus, by monitoring the Gafluorescence angular response the polarity of the film can be identified. 14 To fit the experimental XSW data the approach developed in Refs. 14 and 19 was explored. First, the theoretical x-ray reflectivity curve was convoluted with the Gaussian function to take into account the mosaic spread. For the data shown in Fig. 3͑a͒ the ϭ31.5 arcsec gives the best fit to the experimental rocking curve with the full width at half maximum ͑FWHM͒ equal to the experimental value. The same Gaussian function was then used for the convolution of the calculated fluorescence yield. Then, the Ga-K XSW fluorescence yields calculated for Ga-and N-polar GaN films were fitted to the experimental data with the static DW factor as the only fitting parameter. For the XSW calculations we used computer algorithm developed in Ref. 22 for multilayer crystalline systems. Thus, two quantities were derived from the XSW data: the polarity of the film and the static DW factor of the GaN lattice generated the standing wave. Typical 2 plots for the Ga and N polarity of the film are shown in Fig. 3͑b͒ . For all experimental data taken from different parts of the sample the XSW analysis gives significantly, from 4 to 6 times, lower 2 values for the Ga-face film. The best fit for the Ga-face film is shown in Fig. 3͑a͒ by the solid line. The theoretical curve for the N-face film is also shown for comparison. Thus, our analysis unambiguously shows that the Ga-face GaN film grows on Si-face SiC substrate. This result is in agreement with the high-resolution electron microscopy data 12 and the ab initio energetic calculation 13 and support the ''standard framework'' proposed in Ref. 9 .
The broadening of the x-ray rocking curves collected during the XSW measurements is mainly due to the mosaic spread. The values of the FWHM of the x-ray RCs taken from different regions of the sample varied from 62 to 95 arcsec while dynamical diffraction theory gives the FWHM of 39 arcsec. The corresponding values of the Gaussian function varied from 20 to 36 arcsec. The fact that the x-ray standing wave is generated by the ''coherent'' part of the lattice gives us the unique opportunity to look at the correlation between the mosaic spread and the perfection of the lattice. The static DW factor derived from the XSW data as a function of the mosaic spread is presented in Fig. 4 . An interesting conclusion immediately follows: the increased FIG. 3. ͑a͒ One of the experimental XSW data sets measured from the 300-nm-thick GaN film. The experimental x-ray reflectivity curve ͑bottom͒ is shown as open circles, the solid line is the convolution of the theoretical x-ray rocking curve with a Gaussian function with ϭ31.5 arcsec. The experimental Ga-K fluorescence yield is shown at the top as solid circles; the solid line is the best fit for the Ga-face film yielding a static Debye-Waller factor e ϪW ϭ0.71. The theoretical curve for the N face is shown as a dotted line for comparison; ͑b͒ the 2 values as a function of the DW factor used as the only fitting parameter for the Ga face ͑up triangles͒ and N-face GaN film ͑down triangles͒. The Ga-face model gives five times lower 2 values than the N-face model. mosaic spread leads to a more perfect lattice inside individual mosaic blocks. This conclusion appears counterintuitive since the epitaxial film with broader RC should have lower structural quality. We explain this phenomenon by the getter effect of the dislocation structure on point defects generated during epitaxial growth. It is well known that dislocations work as sinks for point defects. The higher degree of mosaic spread requires higher density of dislocations in the boundaries between individual blocks. A denser dislocation structure is more effective in gettering point defects from the lattice of the adjacent blocks thus leading to the higher values of the static DW factor.
This effect is very difficult to observe by standard x-ray diffraction techniques. Usually the x-ray intensity diffracted from the film can be considered as consisting of two components, different in their physical origin. The first originates from the ''coherent'' part of the lattice that can be described as a perfect crystal with the scattering power reduced by the static DW factor. The second part is the diffuse scattering from defects. The mosaic structure washes out the sharp coherent component of the scattered intensity resulting in the broadening of the x-ray diffraction peak. Thus, the increase in the reflectivity due to the lower density of point defects is accompanied by the broadening of the RC due to higher mosaic spread. The x-ray standing wave is the result of the interference between the incident and coherently scattered from the film waves. By measuring the fluorescence yield from atoms of the film generated by the standing wave, we can directly probe the structure of the coherent part of the atomic lattice. Here we assume that the contribution of the diffuse scattered x rays to the fluorescence yield is negligible. This assumption is based on the fact that the diffuse scattering is distributed over wide angular range while the XSW signal is measured in a narrow angular region within the width of the diffraction peak.
The results of the XSW analysis demonstrate excellent crystalline quality of the film grown by the HVPE. Indeed, the values of the static DW factor of e ϪW Ϸ0.8 are close to typical values usually observed in the epitaxial semiconductor films grown by the MBE or MOCVD on GaAs. 17 ͑For comparison, the static DW factor determined by the XSW technique for the GaN film grown by the plasma induced MBE on sapphire was e ϪW Ϸ0.36.
14 ͒ This high degree of lattice perfection and low defect density in the film are unusual for the given lattice mismatch and the thickness of the film. The high degree of perfection can be attributed to the extremely high growth rate of about 300 nm/min. We speculate that at this rate, most parts of point defects generated near the surface during epitaxial growth do not have sufficient time to reach the interface and form misfit dislocations. Additional experiments are required to strengthen this hypothesis.
III. CONCLUSIONS
We applied high-resolution x-ray diffraction and x-ray standing wave techniques to study the structure and polarity of a GaN film grown by hydride vapor phase epitaxy on the ͑0001͒Si face of commercial 6H-SiC crystal. In our highresolution x-ray diffraction measurements the three-bounce Ge͑220͒ analyzer crystal was used to reduce the contribution of diffuse scattering. The diffraction data show high crystalline quality of the film and low dislocation density. This conclusion was confirmed by TEM. We also found that the mosaic structure of the film is the main contributor to the broadening of the x-ray rocking curves.
The XSW technique explored here is based on generation of x-ray standing wave inside a thin GaN film, under condition of the ͑0002͒ diffraction from the film. The analysis of the Ga-K fluorescence yield modulations unambiguously revealed the Ga polarity of the film. This result is consistent with the high-resolution electron microscopy data 12 and the ab initio energetic calculations 13 and supports the ''standard framework'' proposed in Ref. 9 . The correlation between the perfection of the crystalline lattice measured by the static Debye-Waller factor and the degree of the mosaicity was studied by analyzing the XSW data taken from different spots on the sample. We found that the regions of the film with higher mosaic spread exhibit higher crystalline perfection. We conclude that this is due to the getter effect of dislocations on point defects generated during epitaxial growth.
The unusually low defect density in the GaN film grown by the HVPE found in this work requires further investigations. One plausible model brings into consideration very high growth rate characteristic for this technique that can possibly prevent point defects generated at the surface of the film from reaching the interface and forming misfit dislocations. 
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